This paper studies the effect of airflow direction on morphology of the nanofibers obtained by the blown bubble-spinning, a kind of Bubbfil spinning processes. Regenerated silk fibroin is used in the experiment, and the results indicate that nanofibers with random array structure can be obtained when the blowing air direction is perpendicular to the direction of bubble ejection. While uniform oriented fiber bundles composed of superfine fibers are obverse when the blowing air directs to the bubble ejection. The paper reveals that blowing air direction can be used to control morphology and structure of fibers during the spinning process.
INTRODUCTION
Recently, many techniques were appeared to produce ultrafine fibers which provide many unique properties, e.g., large specific surface area, small pore size with high porosity and superior mechanical properties [1] [2] [3] [4] [5] benefit various potential applications in tissue engineering and drug delivery, energy storage, conversion and electronic devices, and sensors and filtration membranes [6] [7] [8] [9] .
Electrospinning, melt-blown process, and multi-component process were most commonly used methods for processing nanofibers in consideration of the throughput, solubility, operation and versatility [10] [11] [12] [13] [14] [15] [16] . Of which, electrospinning is widely accepted in producing structured polymer fibers with diameters ranging from several micrometers down to tens of nanometers for its simpleness and effectivity. However, the drawback of high voltage and the low production rate cannot meet the requirements of industrial mass production. Compared with electrospinning, melt-blowing is an industrial method for the high production of superfine fibers by enforcing the aerodynamic drag of the airflow on the extruded melt polymers. But the failure of precisely control morphology and size of fibers and hardly to manufacture smaller orifices for nanofibers still limits further development of melt-blowing techniques.
Although each technique has its advantages and disadvantages, new methods appears one after another to overcome the problems mentioned above. Bubble-electrospinning, which is now developed into Bubbfil spinning process [17] , has received an increasing attention due to its high-throughput since many jets from broken bubble are rapidly stretched under high electrostatic force to overcome the less surface tension compared with traditional Taylor cone [17] [18] [19] [20] [21] .The influence of spinning conditions on the structure and properties of the final products have been investigated, indicating that the spinning parameters have to be considered in designing fiber structures and arrangements [22] [23] [24] [25] [26] . Instead of the high voltage supply, blown bubble-spinning [27, 28] uses high-speed streams of hot airflow for fabrication of ultrafine fibers.
The aim of this research was to study the effect of airflow directions acting on the polymer bubble and the morphology difference of superfine fibers obtained. Regenerated silk fibroin (SF) solution with formic acid (FA) was chosen in the blown bubble-spinning and two completely different directions were compared in the experiment. One direction is perpendicular while another is parallel to the ejected direction of broken polymer bubble.
2.EXPERIMENTAL

Preparation of the regenerated silk fibroin spinning solution
Grade 6Arawsilk with a 20/22denier was employed for this research (produced in Huzhou City, Zhejiang Province, China). Raw silk was respectively degummed three times with 0.05%wt Na 2 CO 3 solutions in boiling deionized water for 30 min (all material-to-liquor ratio was1:40), and then washed with warm distilled water carefully. The above degummed silk was dissolved in 9.3 mol /L LiBr solution. After dialysis in cellulose tubular membrane (molecular weight cutoff= 8000～14000, Sigma, USA) against distilled water for 3 days and filtration, the regenerated SF solution (3 wt %) was respectively cast on polystyrene Petri dishes to prepare regenerated SF films at room temperature. Finally, the 10 wt% SF solution was acquired by dissolving SF film in 98% formic acid.
The process of blown bubble-spinning
The experimental set-up of the blown bubble-spinning was illustrated in Figure 1 . Briefly speaking, compressed gas is released inside the spinning solution generating one bubble of the solution at a constant flow. The single bubble is rising along the tube and formed on the free surface of the orifice. At the same time, the blowing hot air in the form of two streams in the shape of a V-slot pulls the bubble upwards rapidly and continuously, and then superfine fibers are obtained on the collector. The process is continued until the polymer bubble in the tank could not be formed. The diameter of orifice is 5.5 millimeter and the die-to-collector distance is constant as 15cm. Temperature and airflow speed adopted in this experiment are 180℃and 500L/min, respectively. The difference of these two setups is the direction between initial velocities of bubble ejection and that of airflow as shown in Figure 2 ; one is oriented parallel to the direction of airflow while the other is perpendicular, noted as P and V respectively. 
SCANNING ELECTRON MICROSCOPY
The morphology of electrospun SF nanofibers was observed using an SEM (Hitachi S-4800, Japan) at 20℃, 60 RH. Samples were mounted on a copper plate and sputter-coated with gold layer 20−30 nm thick prior to imaging. The diameters of the fibers were measured from randomly collected SEM images using the Image J software and expressed as mean±standard deviation (SD).
RESULTS
In all blown spinning methods, aerodynamic drag force from airflow fields plays a significant role in the formation of fibers. Figure 3 provides the information about morphologies of superfine fibers under different airflow directions. When the direction of airflow is perpendicular to the path of polymer bubble, the fiber attenuation occurred in a complex situation with the change of time and space, which leads to a random array structure similar to that of electrospunnanofibers (Figure 3 left) [29] . However, the direction consistency between airflow and bubble ejection caused fiber mass to concentrate in fiber bundles. Due to the high centerline air velocities from the dual airflow (Figure 3 right) , the individual superfine fibers were bundled together rather than distributed over a large area. Based on the measurement of fiber sizes, airflow direction perpendicular to the bubble ejections provided smaller average diameter of 524.25nm and narrower fiber diameter distribution of 142.41nm compared with the fibers of parallel airflow (1125.00±299.68nm), due to increased air turbulence (Figure 2 up) . On the one side, bubble jets are divergently accelerated and stretched under relatively uniform elongational forces in parallel direction; the fiber-to-fiber contacts may easily be formed in the complex interactions from the axial component of the airflow velocity at the centerline which in turn results in the wider fiber distribution. And higher airflow rates from two streams that shape a V-slot (Figure 2 down) reduced the time allowed for diameter attenuation [30] .
CONCLUSIONS
Blown bubble-spinning of regenerated SF ultrafine fibers was carried out at two airflow directions for the first time. It is clear that air flow directions influence not only the morphologies and sizes but also the arrangement of final fibers. Random oriented nanofibers with average diameter 524.25±142.41nm were obtained when the airflow direction is perpendicular to the path of bubble ejection. Fiber bundles with good orientation were formed when the airflow direction is parallel to the initial velocity of bubble ejection. This study provides a novel method to control the structure and uniformity of superfine fibers by adjusting the airflow direction, which may enhance the properties of end products and broaden the potential applications. 
